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Figure 7-11: Simulated maximum conversion efficiency for each tandem SWCNT PV 
cell  where  N=1-7.  Corresponding  zig-zag  tube  indices  are  adjacent  to  the 
efficiency value. Also included is the efficiency curve for an all (10,0) nanotube 
tandem cell under an AM0 solar illumination. .................................................. 167  
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exhibit relatively high energy yield ratios (the ratio of energy delivered by the system over its 
lifetime to the energy input during the systems life cycle) [2].   
 
   Amidst the recent rise in emission cutback targets and incentivised policies for the 
adoption of renewable sources there has been a lack of social uptake due to the economical 
competitiveness of traditional fossil fuel sources. Hence, in 2008, global governments and 
industries  invested  a  combined  $18  billion  in  research  and  development  projects  to 
investigate  solutions  in  reducing  the  overall  cost  of  renewable  technologies  [3].  These 
initiatives ranged from cutting back on capital costs through material savings to improving 
system efficiencies that abate operating expenditure.  
 
 
Figure 1-1: Carbon dioxide (CO2) concentrations (in parts per million) for the last 1100 years, 
measured from air trapped in ice cores (up to 1977) and directly in Hawaii (from 1958 onwards) [2]. 
There is growing speculation that grid parity (the threshold after which the energy price 
of  renewable  sources  is  less  than  conventional  grid  power)  will  be  achieved  during  the 
forthcoming decade with the expected surge in oil prices and the continuing decline in the 
lifetime costs of renewables. If made economical enough, it is also envisioned that off-grid 
renewable solutions may provide a feasible option for the 1.6 billion people situated in rural 
areas without access to electricity. 
 
   Given that in 1 hour the sunlight energy radiated upon our planet is equivalent to the 
energy consumed by humanity in 1 year, this clearly offers a great means of generating clean  
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energy [4]. One form of renewable technology that takes advantage of such a resource is the 
solar cell. 
1.2  Solar cells 
A solar cell converts sunlight into electricity and is often referred to as a photovoltaic 
(PV) - named after the discovery of the photovoltaic effect by Edmond Becquerel in 1839. 
Depending on the size of the PV system, power delivered can range from, typically, a few 
kilowatts for rooftop and grid-connected applications down to tens of milliwatts for functions 
such as pocket calculators and remote sensing devices. From 2004-2008, global PV capacity 
increased sixfold to more than 16 gigawatts peak (GWp- the optimal power delivered under 
standard  test  conditions),  becoming  the  world’s  fastest  growing  energy  technology  [5]. 
However,  PV’s  only  represented  6%  of  the  total  280  GWp  renewable  power  capacity 
(excluding hydropower) owing to their high cost to performance ratio [5]. Thus, up till now, 
much of the PV industry and research community have been focusing on realising more cost 
efficient solar cells. 
  
 Silicon (Si) comprises the main constituent material of most solar cells in use today 
and is recognized as the ‘first generation’ PV technology [6]. In practice it has been shown 
that crystalline silicon PVs can harvest up to 25% of the incoming solar energy without any 
optical enhancements such as sunlight concentration [7]. This performance is not far from the 
nominal upper limit (31%) theoretically predicted for silicon PV’s by Shockley and Queisser, 
which  implies  that  standard  silicon  cells  have  almost  reached  their  maximum  achievable 
efficiency [8]. Incidentally, more than 50% of the total cost of a silicon cell is due to the 
processing of polysilicon into crystalline form [9]. As a result, any significant reduction in 
unit cost can only be accomplished by utilising smaller amounts of the constituent material 
per device or considering a lower quality material such as amorphous silicon. This strategy 
paved  the  way  for  the  ‘second  generation’  thin-film  technology  that  assumes  a  material 
thickness in the order of less than a few micrometers as opposed to a hundred micrometers or 
more [6, 10]. Evidently, this comes at the expense of much lower operating efficiencies as 
revealed in Figure 1-2. 
 
Despite silicon having a well established technology base and history owing to the 
rapid advances in the microelectronics industry, it is not an ideal material for photovoltaic  
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conversion  purposes  and  has  of  late  experienced  extensive  supply  shortages  [4,  9]. 
Consequently,  other  inorganic  as  well  as  organic  materials  have  emerged  as  potential 
contenders for second  generation cells [11]. Inorganic compound semiconductors such as 
Gallium Arsenide (GaAs) and Copper Indium-Gallium Diselenide (Cu(In,Ga)Se2) are now 
considered mainstream thin-film technologies with efficiencies approaching that of the first 
generation cells [5, 6]. Organic dye-sensitized cells have also gained noteworthy attention in 
the flexible PV market, although their efficiencies are on average between 5-10%. 
 
Still, a substantial increase in conversion efficiency is required if the  cost over the 
operating lifetime of a cell is to be minimised. Since the thermodynamic Carnot limit (1-
Tcell/Tsun)  on  the  conversion  of  sunlight  to  electricity  is  95%,  this  suggests  that  the 
performance of a solar  cell could be improved  by 2-3 times the present theoretical limit 
calculated  for  silicon  cells  [6].  With  the  evolution  of  new  exotic  materials  and  different 
device  architectures,  a  ‘third  generation’  of  high-performance,  low-cost  photovoltaics  has 
recently surfaced. 
 
Third generation PVs generally operate under a tandem scheme where a number of 
solar  cells  bearing  dissimilar  solid-state  characteristics,  namely  the  band-gap,  are  stacked 
together to harness more power from the solar spectrum [4]. As pointed out in Figure 1-2, the 
highest recorded efficiency for a triple-junction PV device is 40.7%, which is almost double 
that of a single-junction silicon cell. Devices based on this optimisation technique have only 
just begun commercial production, finding applications predominantly in the space industry 
[6]. Theoretically, however, if the number of cells in the stack were to grow infinitely, a 
direct  sunlight  conversion  efficiency  of  68%  could  be  obtained  [12].  Approaching  this 
performance limit using nano-structured materials has become the focus of much of present-
day PV research. 
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Figure 1-2: Best research solar cell efficiencies recorded from 1976 to 2008 for different PV 
technologies [13]. 
Many  types  of  nano-materials  have  been  studied  for  photovoltaic  conversion,  most 
notably, silicon nanowires, quantum dots and carbon nanotubes [4]. Although still at an early 
stage of research, they have yet to demonstrate similar or superior performance/cost ratios 
compared  to  first  and  second  generation  PV  technologies.  Owing  to  the  low  material 
requirements  for  nano-PV  devices,  the  inexpensive  fabrication  processes  and  the  high 
performances achieved through carrier confinement, it is anticipated that the associated costs 
will drop considerably with the large-scale deployment of such cells [4].  
 
Carbon  nanotubes  have  received  least  attention  amongst  the  above  mentioned 
nanotechnologies for PV applications given the present relative complexity in synthesising 
them to the desired physical dimensions that would deliver the electronic properties needed. 
Nevertheless, in this thesis, it is theoretically demonstrated how their geometrical structures 
could be optimised for the realisation of a carbon nanotube based tandem solar cell. 
1.3  Carbon nanotubes 
Declared as one of the greatest breakthroughs in nano-scale science, the discovery of 
Carbon Nanotubes (CNTs) came about in 1991 during the close inspection of a graphitic soot  
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their quantum confinement [17]. This results in higher carrier mobilities (almost 100x more 
mobile compared to silicon) with low recombination losses.  
 
As metallic 1D conductors, where charge can only propagate backwards or forwards, 
SWCNTs enable carriers to flow with less scattering losses compared to bulk structures [16]. 
This offers lower resistivity and allows CNTs to sustain large current densities (~10
9 A/cm
2) 
without dissipating too much power [17]. Further, due to the strong C-C covalent bonds, the 
SWCNT  side-walls  are  almost  perfectly  bound  with  very  low  defect  densities,  thus, 
possessing sound chemical and physical stability [17, 21].  
 
The  key  challenge  concerning  SWCNT’s  at  the  moment  rests  in  the  uncertainty 
associated with the structural characteristics realised using existing synthesis techniques [14, 
16, 17]. That is, even though the diameter can be controlled to some extent, the chirality 
cannot and hence the electronic properties may vary immensely within a single batch of 
SWCNT’s [16].  In  turn  this  renders  irreproducible  devices,  which,  if  not  rectified,  could 
impede the widespread adoption of SWCNT’s [16]. Another major challenge confronting 
CNTs is defining their spatial location and orientation with respect to the surface they lay 
upon [16, 17]. 
   
Amongst several anticipated applications, including high power-density ultracapacitors 
and flat-panel displays, CNTs may possibly play a role in future Integrated Circuits (ICs). For 
instance,  there  have  been  suggestions  of  replacing  interconnects  with  metallic  SWCNTs, 
particularly, in place of vias which interface metal lines between different layers [22]. IBM 
has  been  intensely  exploring  CNT  based  Field-Effect-Transistors  (CNT-FETs)  where 
switching characteristics have been found to outperform that of advanced silicon MOSFET 
devices [17]. This news has been welcomed by the microelectronics industry as they strive to 
find  novel  ways  in  downscaling  conventional  CMOS  silicon  circuits  beyond  their 
fundamental physical limit. However, given the impracticality of integrating CNT-FETs on a 
large scale using present fabrication techniques, the prospects of replacing silicon based FETs 
is unlikely within the foreseeable future. 
 
Because of their direct band-gap attribute, SWCNTs have also gained a lot of attention 
in  the  optoelectronic  research  arena.  Light  emitters  as  well  as  photo-detectors  have  been  
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approach  is  compared  and  validated  against  experimental  as  well  as  other  theoretically 
simulated results.  
 
In  Chapter  7  a  framework  of  assumptions  is  initially  outlined  with  respect  to  the 
SWCNT PV devices investigated. By employing the ideal equivalent circuit model of a PV 
cell we determine the short-circuit current, open-circuit voltage, fill factor and conversion 
efficiency of various isolated SWCNT solar cells under the standard AM0 as well as AM1.5 
solar irradiation spectrum. The performance of a conceptually proposed CNT based tandem 
cell is later calculated when exposed to solar illumination. Lastly, the optimized nanotube 
structural properties are analysed and defined for each photovoltaic converter in addition to 
the optimal number of SWCNTs required for a tandem solar cell. 
 
Chapter 8 summarizes the key outcomes and contributions of this thesis as well as the 
feasibility of exploiting SWCNTs towards the development of a tandem PV device. This is 
followed by recommendations for future work. 
 
The appendices include supporting material as well as a list of peer-reviewed papers 
that have resulted from this PhD project (see Appendix D). 
 
 
 
 
 
 
  
 
36 
device [46]. Moreover, it was experimentally observed that individual CNTs exposed to light 
could achieve carrier multiplication due to impact excitation [26]. This may have important 
implications, particularly in overcoming a quantum yields of 100% [28]. The construction of 
vertically aligned carbon nanotube arrays has also just been reported, where the lowest-ever 
optical reflectance measurement relative to any other material has been reported, winning 
claim for being the darkest man-made material to-date [47]. For the above reasons, as well as 
others that will be further discussed in the following section, we shall focus our studies on 
this remarkable material for PV conversion.   
 
0D Quantum Dots (QDs) are nanometre sized semiconducting crystals that have been 
employed in solar cells with the aim of addressing two key loss mechanisms; sub-band-gap 
photon energy losses and thermalisation losses [28].  
 
By growing a regular array (super-lattice) of identical QDs within another wider band-
gap semiconductor material, a cluster of discrete energy levels (mini-band) arise within the 
band-gap of the host semiconductor [28]. In controlling the size and spacing of the dots, the 
energy and width of the mini-bands can be tuned to form an Intermediate Band (IB) [28]. 
Hence, in theory, by engineering an IB in a PV absorber this should enable the capture and 
use of low energy photons. A practical demonstration of a QD-IB solar cell confirmed a 
slight  broadening  in  the  spectral  response  below  the  band-gap  although  the  photocurrent 
contribution  was  relatively  negligible  [48].  Further,  the  conversion  efficiency  of  the  PV 
weakened due to a degradation of the open-circuit voltage (by ~20%) as a result of a higher 
density of defect states [48].     
  
It has been proposed that thermalisation losses can be addressed in QD by two ways 
[48]. Firstly, by slowing down electron-phonon interactions (the source of kinetic energy 
dissipation) so that the photo-generated carriers can be collected while they are still ‘hot’ [28, 
48]. The second approach is by allowing the hot photo-generated carriers to produce multiple 
electron-hole pairs via a process known as impact ionisation or Auger generation [28, 48]. 
Theoretically,  the  former  and  latter  routes  should  enhance  the  conversion  efficiency  by 
increasing the photovoltage and photocurrent, respectively [48]. Unfortunately, no group has 
yet reported an enhanced photocurrent with quantum yields greater than 100% in any QD- 
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metal and diffuses through the particle where carbon atoms precipitate on the cooler trailing 
end [49, 52]. This causes a tube-like structure to grow as shown in Figure 2-13, raising the 
catalyst particle upwards until it is ‘poisoned’, bringing the growth process of the CNT to an 
end [49, 52].  
 
 
Figure 2-13: Schematic of CNT tip-growth mechanism [53]. 
 As previously mentioned, since the electronic properties of a SWCNT are very much 
dictated by the geometrical structure, especially whether it is metallic or semiconducting, this 
necessitates precise control of the CVD growth conditions [16]. Furthermore, as there is a 
strong correlation between SWCNT diameter and catalyst nano-particle size, this parameter 
too is of paramount importance in controlling CNT properties [16, 54]. Unfortunately, so far 
the controllability of the CVD process has been limited, threatening to deliver unreliable and 
irreproducible CNT devices [16]. Once the SWCNTs have been  grown, there is also the 
added challenge of aligning and orienting the tubes exactly as required in order to have them 
integrated with electrodes and gates on the wafer [16, 50].  
 
At present, in order to fabricate a SWCNT device, first, the synthesised semiconducting 
tubes have to be deposited relatively close to a pre-defined alignment mark using the end tip 
of  an  Atomic  Force  Microscope  (AFM)  [16].  Subsequently,  Polymethylmethacrylate 
(PMMA)  resist  is  coated  over  the  tubes  so  that  metal  electrodes  could  be  patterned  via 
electron beam lithography [16]. This results in a number of tubes bridging a pair of source 
and drain leads as shown in Figure 2-14. After a Si back-gate has been attached under the 
oxidised wafer (SiO2) this completes the basic structure of a CNT-Field Effect Transistor 
(CNT-FET) - the most studied CNT device to date [16]. 
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to  the  leads  as  well  as  the  types  of  metals  employed  [16,  17,  55].  In  fact,  the  interface 
between the semiconducting SWCNT and the electrodes establish Schottky Barriers (SB) due 
to the different workfunctions between the two materials causing energy band bending in the 
semiconductor  side.  Thus,  for  any  CNT  device  to  operate,  carriers  must  overcome  the 
interface SBs by tunnelling across, which is also highly dependent on temperature in addition 
to defects located at the CNT-metal junction [17].  
 
 Figure 2-15 depicts the operation of both a p- and n- type ambipolar CNT-FET as the 
gate  voltage  is  varied  to  modulate  the  carrier  polarity  and  density  in  the  CNT  [17].  A 
corresponding qualitative band-diagram is jointly presented. For a p-type CNT-FET it could 
be seen that as the gate voltage is reduced below 0V, the metal Fermi level at the source-CNT 
junction lines-up with the valence band edge of the nanotube [17]. In turn, hole injection into 
the  tube  is  instigated,  tunnelling  across  the  SB  where  the  drain  current  (ID)  increases 
considerably. Conversely, when the gate voltage is increased above 0V for an n-type CNT-
FET, the source Fermi level lines-up with the conduction band of the CNT allowing electrons 
to tunnel through the SB. Again, this comes with an observable increase in ID [17].  
 
Since the SB height is approximately linearly proportional to the SWCNT band-gap, 
this parameter can be used to adjust the saturation on-current of the CNT device, which 
further reinforces the need for controllable growth techniques as the CNT band-gap is very 
much dependent on the geometrical properties of the tube [57]. 
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interference  between  the  inflow  of  injected  carriers  into  the  SWCNT  and  the  outflow  of 
photocurrent [23].       
 
 
Figure 2-16: (left) Photocurrent spectra for a CNT-FET with a drain bias of -1V, a gate voltage of 
2.5V (off-state of p-type device) and an incident laser power of 0.5kW/cm
2. (right) A representative 
electron microscope image of the device [60].  
Interestingly, in the same experiment it was discovered that the measured photocurrent 
varied considerably with the polarisation angle of the incident light, further reconfirming its 
resonant origins [59]. Specifically, it was found that the photocurrent magnitude more than 
doubled  when  the  light  was  polarised  in  the  direction  of  the  nanotube  axis  relative  to 
perpendicular  polarisation  [59].  A  similar  behaviour  was  identified  with  different  CNT 
samples [59].  
 
Although the above mentioned findings provoked extensive attention towards this new 
nano-scaled photo-detector, the device structure, however, was far from ideal for photovoltaic 
applications.  The  main  reason  for  this  was  due  to  the  high  radiative  and  non-radiative 
recombination caused by the very weak electric field at the middle of the CNT channel where 
the semiconductors’ energy bands were flat and only curved slightly near the contacts [59]. 
Moreover, a larger than expected dark current was detected as a result of carrier leakage 
tunnelling across the SBs into the CNT [59]. This was attributed to the thinning down of the 
SBs with a large drain bias.  
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It  is  envisioned  that  if  the  proposed  PV  device  could  be  cascaded  then  a  potential 
application may possibly be to power ultra-low-energy microcontrollers that are envisaged to 
operate in the nano-watt scale in the near future. 
2.5  Summary 
This  chapter  has  focused  on  reviewing  the  operation  of  present-day  solar  cells  and 
where  their  main  technology  limitations  lie  as  well  as  potential  solutions.  An  up-to-date 
account  has  also  been  offered  of  experimental  SWCNT  based  devices  and  photodiodes 
highlighting their strengths and shortcomings. In the final section a proposed hypothetical 
CNT based solar cell architecture was revealed. 
 
The following chapter will investigate the carbon nanotube in more detail and specify 
the chosen computational technique employed in reproducing the CNT band-structure. This 
will  represent  the  underlying  method  upon  which  a  more  simulation  efficient  analytical 
model will be built for evaluating key nanotube parameters such as the band-gap, electronic 
transport and optical absorption properties in the subsequent chapters.   
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with standard deviations of 0.18, 1.12 and 1.02 nm, respectively [112]. Raman spectroscopy 
was also used to confirm these results [112]. 
 
 
Figure 5-2: Diameter distributions of SWCNTs grown at different carbon feeding rate concentrations 
(a) 140 ppm; (b) 1600 ppm; (c) 14400 ppm. (―) represent Gaussian curve fits [112]. 
Other experimental observations that reported a Gaussian profile for their CVD grown 
SWCNT diameter distributions included [54, 108, 110, 111, 121]. From these results it can be 
assumed that mean diameters between 1.0-1.7 nm would be a suitable range to model the 
corresponding SWCNT electronic properties for our study. 
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In  Chapter  2,  experimental  evidence  was  presented  claiming  that  the  photo-current 
produced by SWCNTs was consistent with the resonant band-to-band excitation model of e-h 
pairs.  However,  there  have  been  well-justified  arguments  to  indicate  otherwise, 
demonstrating that this may not provide a completely accurate picture of the photo-absorption 
process within a CNT [60].  
 
It  has  been  accepted  that  electron-hole  interactions  of  low-dimensional  structures 
promote  the  formation  of  excitons  -strongly  bound  electron-hole  states  -  which  better 
correspond  to  the  observed  optical  excitations  in  [23,  60,  128].  Indeed,  in  [60]  it  was 
experimentally confirmed that upon close inspection of the SWCNT photo-current spectral 
features, the optical transitions were well matched with excitonic transitions rather than their 
inter-band  counterpart.  In  fact,  when  the  photo-current  spectrum  was  compared  to  the 
calculated inter-band absorption continuum an energy shift was detected by a quantity known 
as the exciton binding energy [128]. The binding energy represents energy required for an 
exciton to disassociate into an e-h pair and has been measured to vary depending on factors 
such  as  the  tube  diameter,  light  polarisation  as  well  as  the  dielectric  properties  of  the 
surrounding  environment  [23,  128].  On  the  other  hand,  a  more  recent  controversial 
experiment reported evidence of photo-current generation from e-h pair excitation across the 
nanotube  sub-bands,  particularly  the  second  sub-band,  further  reinforcing  the  inter-band 
transition theory [26].  
 
Unfortunately, modelling the excitonic absorption spectra of a SWCNT would entail 
the  consideration  of  many-body  interactions  amongst  the  confined  carriers,  which  still 
remains unclear and has proven to be a difficult undertaking [92]. Thus, several studies have 
resorted to using a single-particle approximation that, although inaccurate, has offered good 
insight when comparing the optical absorption of SWCNTs with different chiralities [92, 127, 
129, 130]. This is because in general, the excitionic absorption follows a similar oscillatory 
strength with that found for uncorrelated e-h pairs [92]. Hence, the authors acknowledge that 
using  the  band-to-band  transition  model  for  our  study  would  provide  a  good  first 
approximation  of  the  CNTs  excitonic  absorption  properties.  This  is  in  line  with  the 
approximation made in [92]. 
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efficiencies  and  the  optimal  CNT  structural  properties  needed  for  photo-detection  and 
photovoltaic purposes. 
 
The most ideal, but most challenging experimental validation, would be to fabricate an 
isolated  zig-zag  CNT  based  PV  device  with  electrostatic  doping  (as  in  [34])  in  the  first 
instance and then a multi-SWCNT device that could be inserted inside a solar simulator. The 
short-circuit current, open-circuit voltage, fill factor and conversion efficiency measurements 
may then be directly compared with the results originated in this study. 
 